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    Chapter 3   
 A Question of Balance: Free Radicals 
and Cochlear Homeostasis 

             Kevin     K.     Ohlemiller     

3.1             Introduction 

 The hearing research landscape features a host of animal studies aimed at reducing 
cochlear injury caused by oxidative and nitrosative stress. Most of these report only 
partial success and reveal limitations of a naïve “less is better” philosophy toward 
oxidative intermediates. Early exuberance has given way to a more sober realization 
that few reactions can be tweaked without consequences for many other critical 
reactions and that the potential set of reactions to be considered varies cell by cell 
and compartment by compartment. In this chapter, we explore how different 
cochlear cells and structures may have different effectors of oxidative stress, yet 
how they may depend on each other in establishing the overall effects of oxidative 
stress on hearing.  

3.2     Oxidative and Nitrosative Homeostatic Balance 

 Oxidation reactions involve loss of electrons. In biological systems, the most 
 common oxidation reaction is the addition of oxygen to organic molecules 
 (carbon + hydrogen), which (perhaps in the schoolyard sense) then get to “share” 
their electrons with oxygen. The notion of “redox” (reduction–oxidation) simply 
acknowledges that every oxidation has an electron “loser” (the molecule or atom 
that loses its share of electrons) and a “winner” (the moiety that gains a share of 
electrons), which is said to be “reduced.” Most crucially for our purposes, oxidation 
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renders large organic molecules—proteins, lipids, and DNA—less functional. 
Oxidative reactions associated with cellular injury include those giving rise to 
highly reactive oxygen-containing radicals (superoxide, hydroxyl, peroxyl) and 
merely “reactive” oxygen-bearing species (peroxide and hypochlorous acid), which 
may either act as oxidants or convert to radicals (Berg et al.  2004 ; Linnane et al. 
 2007 ; Ciuman  2009 ; Poirrier et al.  2010 ). All these are collectively termed reactive 
oxygen species (ROS). 

 Instead of acting directly as an oxidant, superoxide can react with nitric oxide 
(NO) to form peroxynitrite, a potentially more reactive oxidant (Radi  2013 ) 
(Fig.  3.1 ). Cellular variation in NO production, in turn, depends on the distribution 
of nitric oxide synthase (NOS) isoforms. Nitrogen-bearing oxidants are collectively 
termed reactive nitrogen species (RNS), although peroxynitrite is often the only one 
considered. The “core” ROS- and RNS-related reactions and mediating enzymes 
are depicted in Fig.  3.1  (see also Chap.   2    ). Superoxide may also convert spontane-
ously or enzymatically to either peroxide (H 2 O 2 ) or peroxynitrite. Since superoxide 
lies in both cascades, there is overlap of the processes that generate ROS and 
RNS. Enzymatic conversion to peroxide is mediated by one of several isoforms of 
superoxide dismutase (SOD). Peroxide in turn is enzymatically converted to water 
or may react in the presence of iron to form a hydroxyl radical. The innocuous con-
version to water is mediated by catalase, a peroxisomal enzyme, or by one of several 
isoforms of glutathione peroxidase (GPx). GPx operates by transferring electrons 
from cofactor glutathione, a small molecule antioxidant that may be present in cells 
in concentrations as high as 5.0 mM. The critical role of catalase and GPx is gener-
ally thought to be the minimization of a highly toxic hydroxyl radical.  
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  Fig. 3.1    “Core” reactions that produce or remove reactive oxygen species       
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 There remains debate among serious chemists (which this author makes no claim 
to be) as to which of the reactions in Fig.  3.1  are truly pathogenic and exactly what 
each of the “core” antioxidants evolved to accomplish (Linnane et al.  2007 ; Bartosz 
 2009 ; Gutteridge and Halliwell  2010 ; Sohal and Orr  2012 ). The fact that many 
therapeutics targeting ROS or RNS generally confer hearing protection (see below) 
certainly suggests that some reactions in Fig.  3.1  are best minimized. However, the 
mixed success record of such therapeutics indicates that Fig.  3.1  is missing too 
many elements, or too much spatial variation, to serve as a template for therapies. 
One entire class of peroxide-removing enzymes, the peroxiredoxins, may play a 
larger role than is generally credited (Rhee et al.  2005 ). As we noted, NO produc-
tion is hugely dependent on the distribution of NOS isoforms, which vary by 
cochlear cell type. This may help explain an extremely confusing literature regard-
ing the helpful-versus-harmful status of NO. 

3.2.1     The “Purpose” of ROS and RNS Generation and 
Requirement for Balance 

 Without redox reactions, there would be no interesting or vital organic chemistry, so 
it is not as if life could be founded on some safer—less mischievous—set of reac-
tions. Cells must be able to break down complex organic molecules and to kill 
invading pathogens. Both sets of reactions are oxidative. Eukaryotic cells produce 
superoxide as part of the mitochondrial respiratory chain. Environmental stressors, 
such as heat, osmotic stress, or pH imbalance, can enhance net superoxide produc-
tion by mitochondria. Superoxide generation by phagocytes also occurs through the 
actions of a class of enzymes termed NADPH oxidases (NOX), particularly NOX2 
(Bylund et al.  2010 ). However, nearly all cells produce one or more NOX isoforms, 
partly because most cell types retain some intrinsic ability to kill pathogens. NOX3 
is especially highly expressed in the cochlea, where it may also participate in the 
formation of otoconia (Banfi  et al.  2004 ). For reasons that are unclear, it is also 
highly expressed in hair cells and spiral ganglion cells, albeit minimally in the 
cochlear lateral wall. Under conditions of stress (e.g., noise and ototoxic exposure), 
NOX3 has been suggested to be the single largest producer of superoxide. 

 In addition to NADPH oxidases, cells produce a host of functionally similar 
enzymes residing in the cell membrane whose primary function may be generation 
of superoxide and peroxide to serve as messengers. Some have argued that  most  
peroxide production is adaptive (Rhee  2006 ; Linnane et al.  2007 ; Sohal and Orr 
 2012 ). According to one line of logic (Bartosz  2009 ), any moiety that is created in 
an enzyme-catalyzed reaction serves a purpose. When the product is a potential 
oxidant, it will possess a narrow non-pathological concentration range. Moreover, 
the enzymes that make the product must be balanced by other enzymes that remove 
it from the same compartment (Rhee  2006 ). Many transcription factors and other 
mediators that drive cell processes in non-stress contexts (e.g., division, migration, 
secretion, and contraction) are redox-sensitive, including AMP-activated protein 
kinase (AMPK), platelet-derived growth factor (PDGF), p38 MAP kinase, c-Jun 
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N-terminal kinase (JNK), and nuclear factor kappaB (NFκB) (Veal et al.  2007 ; 
Bartosz  2009 ). In such cases, transcriptional activation relies on reversible modifi -
cations to transcription factors, cofactors, and binding sites. Under conditions of 
overt stress (heat, osmotic stress, pH change, shear stress, hypoxia, hyperoxia, 
infection), oxidant concentrations may approach the pathological range and engage 
mediators of antioxidant defenses and repair-versus-die “decisions.” These overlap 
with the previous set and include hypoxia-inducible factor 1α (Hif1α), Nrf-2, Atf1, 
JNK, and NFκB. Injury to excitable cells (as in the brain and cochlea) can be modu-
lated by altering ion conductances, particular to K +  and Ca ++ . Thus it is no surprise 
that voltage-activated and gap junctional conductances are readily altered by oxida-
tion, often (not in all cases) in such a way as to dampen activation (Bartosz  2009 ). 

 In the inner ear, peroxide production by SOD and removal by catalase and GPx 
appear to operate in critical balance. Targeted inactivation of GPx1 and SOD1 in 
mice was found to accelerate age-associated hearing loss and exacerbate the effects 
of noise (McFadden et al.  1999a ,  b ,  2001 ; Ohlemiller et al.  1999 ,  2000 ), but overex-
pression of SOD1 was found to be harmful to the cochlea (Coling et al.  2003 ). How 
toxic is peroxide to the inner ear? Experiments attempting to demonstrate peroxide 
toxicity in the cochlea (Clerici et al.  1995 ; Clerici and Yang  1996 ) and other tissues 
(Linnane et al.  2007 ; Sohal and Orr  2012 ) have used nonphysiologically relevant 
high levels, so that these may not be very informative. Purely pathologic functions 
of peroxide may result from its conversion to hydroxyl radical through reactions 
with iron via Fenton/Haber–Weiss chemistry (Fig.  3.1 ). Hydroxyl radical seems to 
have no adaptive role in cell physiology. However, it is so reactive—reacting with 
the fi rst molecule it encounters—that some have expressed doubts that it is truly 
biologically relevant (Linnane et al.  2007 ). 

 Knockout mouse models generally support the notion that impairment of the 
“core” antioxidants of Fig.  3.1  can produce individuals that are susceptible to envi-
ronmental stress (Yoshida et al.  1997 ; Lei  2001 ; Ho et al.  2004 ). This principle 
appears to extend to acquired hearing loss in humans. Certain single nucleotide 
polymorphism (SNP) variants of genes encoding a number of redox-related 
enzymes, including catalase, SOD2, paraoxonase-2 (PON2), and glutathione-S- 
transferase M1 (GSTM1), have been implicated in decreased resistance to perma-
nent threshold shifts (PTS), particularly in the context of habitual noise exposure 
(Sliwinska-Kowalska and Pawelczyk  2013 ) (see also Chaps.   8     and   14    ). GSTM1 
genotypes associated with increased hearing loss in humans included homozygous 
nulls—that is, individuals who do not produce this enzyme at all. Such results are 
relevant to how we conceptualize and search for “pro-PTS” alleles. It might be 
argued that testing candidate genes in homozygous null (knockout) animals repre-
sents an unrealistic and biased way to study such genes, since alleles contributing to 
PTS in humans will typically not be nulls  nor  will they be inherited in a homozy-
gous state. However, SNP variants are limited to just four allele types (since there 
are only four possible bases), of which subsets will be enriched in certain popula-
tions, and thus are likely to be inherited in homozygous form. The GSTM1 results 
further argue that some naturally occurring variants may, in fact, be null alleles. 
Most of the current evidence for pro-PTS alleles in humans is tentative, as most 
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studies used small samples and very few have been replicated. Part of the diffi culty 
is that relevant human gene variants are likely to adhere to “common variant” 
notions, whereby alleles of many genes that are common across populations each 
contribute only a small amount of risk. 

 The set of reactions falling under the rubric of nitrosative stress begins with the 
generation of nitric oxide (Berg et al.  2004 ; Heinrich and Helling  2012 ). Through 
reaction with superoxide, NO promotes the production of peroxynitrite (Radi  2013 ). 
Nevertheless, adaptive functions have been proposed for both NO and peroxynitrite. 
NO is produced by distinct synthase isoforms whereby it supports neuronal synaptic 
function (through the activity of neuronal NOS, nNOS) and promotes increased 
numbers of mitochondria and vasodilation (through endothelial NOS, eNOS). 
Maladaptive generation of NO is driven most often by stress-related activation of 
inducible NOS (iNOS), which is minimally detectable in the cochlea under normal 
conditions (Shi et al.  2003 ), but can produce much higher amounts of NO than the 
other isoforms. Notably, the primary activity of iNOS in the body occurs in macro-
phages in response to pathogens or exposure to lipopolysaccharide (LPS, a compo-
nent of bacterial cell walls), so that iNOS-related nitrosative stress represents an 
aspect of infl ammation. Within the cochlea, LPS, noise, and ototoxins can all upreg-
ulate iNOS (Heinrich and Helling  2012 ). 

 Peroxynitrite, the single major RNS in much of the literature, is moderately 
membrane permeant and may diffuse several cell diameters before reacting with 
proteins, lipids, and nucleic acids (Radi  2013 ). The reaction of NO with superoxide 
to form peroxynitrite is much faster than the reaction of superoxide with SOD. Hence, 
local production of peroxynitrite is highly sensitive to the joint concentration of 
superoxide and NO.   

3.2.2     What Evolutionary Forces Shaped the Stress 
Responses of the Inner Ear? 

 It is tempting to think of evolution as a pure “optimizer” (through selective pres-
sure) of how cells and organisms respond to their environment. It is questionable, 
however, how strongly selective pressures could have acted to optimize responses of 
cochlear cells to industrial age noise or ototoxins (for discussion, see Kirk and 
Smith  2003 ). It makes sense that mechanisms (e.g., cochlear efferents) evolved to 
impart gain control and to optimize signal detection in noise and that these may be 
co-opted to modulate noise injury. But apparent gaps in regulatory systems, and 
some clearly  maladaptive  responses of the cochlea to stress, conjure a vision of 
evolution more like a toddler with a jackhammer than a skilled mechanic. Innate 
shortcomings that now leave researchers trying to play the role of optimizer are 
likely the result of selection for one feature working at cross-purposes to other nec-
essary features that may not be obvious. For example, hair cell self-repair seems 
limited, yet hair cells convinced not to die by anti-apoptotic treatments show sur-
prising capacity for self-repair (Pirvola et al.  2000 ). Why is this not the natural 
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response? A variety of preconditioning paradigms are highly effective in protecting 
hair cells from noise (e.g., Canlon  1997 ; Yoshida et al.  1999 ; Yoshida and Liberman 
 2000 ; Gagnon et al.  2007 ; Fernandez et al.  2010 ), yet there must be a downside to 
maintaining the preconditioned state or it would always be engaged. A frequent 
evolutionary driver for preconditioning was probably bacterially and virally derived 
endotoxin (Tsai et al.  2004 ). This would help explain why the response of the inner 
ear to virtually any stressor we invoke somewhat resembles a response to pathogens. 
In both noise- and ototoxin-exposed cochleas, hair cells, supporting cells, and cells 
of the lateral wall secrete a host of cytokines. The actions of these are neither unam-
biguously good nor bad. Chief among their actions is the apparent recruitment of 
infl ammatory cells from the vessels of the spiral ligament (Hirose et al.  2005 ; 
Tornabene et al.  2006 ). Following noise, LPS, or ototoxins, multiple distinct types 
of macrophages (as determined by their surface receptors) invade the ligament and 
the lining of the scala tympani. By and large, they seem to migrate to sites of cell 
loss (spiral ligament and limbus) and may primarily simply be clearing debris. Yet 
they rarely invade the organ of Corti, even when there is extensive hair cell loss. 
Within the organ of Corti, their debris-clearing role may be supplanted by resident 
macrophages (Abrashkin et al.  2006 ). Even for macrophages that remain within the 
ligament, it seems to matter what types of cell surface receptors they express. Sautter 
et al. (Sautter et al.  2006 ) showed that mice lacking chemokine receptor 2 (CCR2, a 
particular macrophage surface receptor) may sustain more noise-induced PTS than 
wild-type controls. This suggests there exists some type of communication between 
these cells and the organ of Corti. Alternatively, if the macrophages act solely to 
preserve the spiral ligament, the results are consistent with dependence of the organ 
of Corti on the condition of the ligament.  

3.3     Hair Cells as Generators and Targets of ROS/RNS 

3.3.1     Noise and Hair Cells 

 It is actually not obvious why excessive noise should impose ROS/RNS stress on 
cochlear hair cells. At least for sub-traumatic exposures, all hair cells have to do is 
passively gate transducer currents through their apical and lateral membranes. Even 
the outer hair cell (OHC) motility “amplifi er” utilizes the regenerative simplicity of 
a molecule (prestin) that transitions between two conformations, without adenosine 
triphosphate (ATP) hydrolysis (Dallos et al.  2006 ). The limiting ability is likely to 
be maintenance of appropriate Ca ++  levels. Calcium enters the cell through the 
transducer channel where it modulates the adaptation state of the hair bundle 
(Ceriani and Mammano  2012 ) and is removed by ATPase pumps, also within the 
stereocilia. These pumps may be overwhelmed during noise exposure. In active hair 
cells, intracellular Ca ++  levels increase from multiple sources, including release 
from Hensen’s bodies and infl ux through multiple membrane channels, including 
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ATP-gated Ca ++  currents in the hair cell lateral membrane. The increased Ca ++  drives 
glutamate release from inner hair cells (IHCs) and modulates somatic contractions 
of OHCs. Yet the allowable range for intracellular Ca ++  is very narrow. For reasons 
that hardly seem adaptive, excess Ca ++  in hair cells is taken up by mitochondria, 
where it can trigger increased and unbalanced superoxide and NO production (Shi 
et al.  2003 ; Shi and Nuttall  2003 ). The most straightforward action of Ca ++  may be 
to alter mitochondrial membrane potential through accumulation of positive charges 
(Arundine and Tymianski  2004 ). Böttger and Schacht (Böttger and Schacht  2013 ) 
further suggest that a particularly compelling point of intersection between Ca ++  and 
mitochondrial function is the Ca ++ -modulated Krebs cycle enzyme α-ketoglutarate 
dehydrogenase. Compromised mitochondria may reach a threshold “permeability 
transition,” at which point they release cytochrome C, apoptosis-inducing factor 
(AIF), and endonuclease G and engage various caspases, tipping the balance toward 
apoptosis (Han et al.  2006 ). Aside from its effects on mitochondria, cytoplasmic 
Ca ++  engages proteases and phospholipases, with subsequent release of prooxidant 
arachidonic acid. The role of Ca ++  in hair cell injury is supported by the benefi ts of 
both L- and T-type Ca ++  channel blockers against noise- and age-related hearing loss 
in mice and perhaps humans (Shen et al.  2007 ; Uemaetomari et al.  2009 ). 

 A substantial literature highlights the value of cochlear pharmacotherapies tar-
geted against both ROS and RNS (for reviews, see Le Prell et al.  2007 ; Ohlemiller 
 2008 ; Le Prell and Bao  2012 ), clearly implicating these in hair cell injury and sup-
porting the feasibility of this approach (see also Chaps.   9    ,   12    , and   16    ). The role of 
NO in hair cell injury is perhaps a bit ironic, in that one major role of nNOS (the 
major hair cell isoform) is taken to be negative feedback on Ca ++  entry (Shen et al. 
 2003 ). NO may readily exceed adaptive levels, partly because iNOS is also acti-
vated (Yamamoto et al.  2009 ). Besides giving rise to peroxynitrite, it overactivates 
PARP1 (poly-ADP-ribose polymerase-1), a DNA repair enzyme that depletes cel-
lular ATP and NAD +  energy currency in the process (Schreiber et al.  2006 ). 

 How can the protective systems of cochlear cells become so easily unbalanced 
and maladaptive? The conditions we create in the laboratory, cochlear cellular stress 
responses simply did not evolve to resist. What we create in the lab—or perhaps in 
recreational and occupational settings—were never experienced by cochlear cells 
throughout evolution. Since we have no “head-to-head” comparison of the hardi-
ness of human and animal hair cells, we should be prepared for fundamental differ-
ences in the investment different species may make in hair cell survival or repair. 
Indeed, a host of studies suggest intrinsic differences in vulnerability to noise. 
Susceptibility to noise-induced PTS varies across inbred strains of mice (e.g., 
Yoshida et al.  2000 ; Davis et al.  2001 ) and between rodent species. CBA/Ca mice 
and albino Sprague–Dawley rats appear more vulnerable than pigmented guinea 
pigs (Duan et al.  2008 ), which appear more vulnerable than humans (Liang  1992 ). 
Notably, this calculus takes into account only hearing thresholds: For a given 
amount of PTS, CBA/Ca mice actually lose fewer hair cells than do rats, guinea 
pigs, and perhaps humans (Ohlemiller  2012 ). The surviving cells are perhaps sim-
ply not repaired (Wang et al.  2002 ).   
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3.3.2     Ototoxicants and Hair Cells 

 The primary cochlear targets of aminoglycoside antibiotics are hair cells, particu-
larly OHCs (Poirrier et al.  2010 ; Xie et al.  2011 ; Heinrich and Helling  2012 ). This 
does not appear to refl ect greater uptake by hair cells, but rather is particular to the 
biology of hair cells versus non-sensory cells. Generation of ROS in hair cells fol-
lowing gentamicin has been demonstrated using fl uorescent or other indicators 
(Clerici et al.  1996 ; Hirose et al.  1997 ; Jiang et al.  2005 ). Aminoglycosides can 
directly catalyze ROS formation, as well as activate iNOS, but also appear to cripple 
antioxidant protections. As in the case of noise, mitochondrial injury and NOX 
activity play a major role in ototoxicant-related oxidative stress, and generally simi-
lar cascades trigger apoptosis. By contrast with noise (Yamamoto et al.  2009 ), 
NFκB appears to play a more unambiguous role in endogenous protection. Iron 
chelators and a wide range of antioxidants have proven effective against 
aminoglycoside- induced hair cell loss (Le Prell et al.  2014 ). 

 Cellular targets and ototoxic mechanisms of the antineoplastic cisplatin overlap 
with those for aminoglycosides, except that cisplatin may more aggressively deplete 
cellular antioxidants and engage more NOX isoforms. It may also more readily 
promote hair cell Ca ++  entry via transient receptor potential vanilloid-1 (TRPV1) 
channels (Mukherjea et al.  2008 ) (see also Chaps.   10     and   11    ).  

3.3.3     Aging and Hair Cells 

 We are born with cochleas possessing an excess of strial and ligament pumping 
capacity and, to some degree, redundant afferent neurons. Regarding hair cells, if 
only IHCs and behavioral hearing thresholds are considered, we may be able to 
tolerate up to 80 % losses (Lobarinas et al.  2013 ). However, thresholds appear fairly 
intolerant to OHC losses (Hamernik et al.  1989 ). Mammalian cochlear hair cells die 
once and do not regenerate. Each day, they are confronted anew with the decision 
whether to die and must “decide” based on a balance of factors. While one factor 
just might be the host’s taste in music, the bulk of the decision likely rests on the 
cells’ overall mitochondrial status. That is, to what extent are “enough” mitochon-
dria functional? Over the course of evolution, most mitochondrial genes have 
migrated to the nucleus. The remnant mitochondrial genome is small, fragile, poorly 
protected, and under-repaired (Böttger and Schacht  2013 ). Time imposes wear and 
tear from noise and ototoxicants, yet also from radiation and stray reactions, so that 
cumulative mitochondrial DNA damage is central to many notions of aging (Sohal 
and Orr  2012 ). What then follow are events similar to the sequelae of a noise expo-
sure: a series of oxidative cascades and injury to lipids, proteins, and DNA. Human 
temporal bones reveal that presbycusic ears tend to be ears with more damage to 
mitochondrial DNA (Bai et al.  1997 ). Energetically disadvantaged cells do every-
thing more poorly, including a poorer job of maintaining antioxidant defenses. 
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The most signifi cant lost capacity of old postmitotic cells may be defi ned as lost 
“operating margin”: reduced ability to respond to stress and a more precarious 
homeostatic balance. Extension of this operating margin is central to the touted 
advantages of caloric restriction and its mediators (Ohlemiller and Frisina  2008 ; 
Someya et al.  2010 ; Han and Someya  2013 ) (see Chaps.   13     and   16    ). Cochlear oxi-
dative imbalance has been diagnosed in aging animals (Jiang et al.  2006 ), and anti-
oxidant genes may be notably up- or downregulated with age in a manner consistent 
with chronic oxidative stress (Lautermann et al.  1997 ; Staecker et al.  2001 ; Tanaka 
et al.  2012 ). At present, evidence for the value of long-term pharmacotherapies 
against presbycusis is mixed (Poirrier et al.  2010 ; Heman-Ackah et al.  2010 ; Böttger 
and Schacht  2013 ).  

3.4     Cochlear Afferent Synapses as Generators 
and Targets of ROS/RNS 

3.4.1     Noise-Related Synaptopathy? 

 Until recently, cochlear noise injury was largely a hair cell story. Permanent thresh-
old shifts were compared with hair cell loss, with general correspondence between 
the two. Transient swelling of the inner hair cell afferent synapses was a curious 
detail, perhaps with some role in temporary threshold shifts (TTS) (Pujol et al.  1991 , 
 1993 ). Now, quite a stir has been raised over the discovery in mice that noise that 
induces a robust TTS can yield permanent synaptic injury that effectively de- 
afferents IHCs and promotes progressive neuronal loss (Kujawa and Liberman 
 2006 ,  2009 ). These effects can occur independently of hair cell loss. The functional 
effects do not manifest in threshold shifts, but rather in suprathreshold decreases in 
evoked potential amplitudes. If the basic fi ndings apply to humans, expected percep-
tual correlates might include degraded speech reception in noisy backgrounds. 
However, the extent of this pathology, termed “synaptopathy,” varies by species, 
being less pronounced in guinea pigs and rats than in mice (Liu et al.  2012 ; Shi et al. 
 2013 ), and its applicability to humans remains speculative. One reason it may not 
readily translate is that the human cochlear nerve is anatomically distinct from the 
other species mentioned with regard to myelination and the presence of gap junc-
tions between the somata (Tylstedt et al.  1997 ; Tylstedt and Rask-Andersen  2001 ; 
Glueckert et al.  2005 ). These features could increase sound-driven activity and pro-
mote the ultimate survival of human afferent neurons,  even if they have been discon-
nected from their hair cell targets . Additional reasons for doubt derive from 
comparative neuronal counts in aged temporal bones of humans and mice (Makary 
et al.  2011 ; Sergeyenko et al.  2013 ). The similar trends by species—suggesting a 
linearly progressing loss of afferent neurons over the life-span in each—seem at 
odds with an expected skewing of human counts to lower values. The “absent” data 
points would represent the effects of undiagnosed noise exposure in the human sam-
ple. The verifi ably unexposed mouse population would not display such an effect.   
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3.4.2     Synaptopathy and Aging 

 Even if not related to noise exposure, the notion of synaptopathy nevertheless fi ts 
with recognized features of aging temporal bones (Makary et al.  2011 ; Sergeyenko 
et al.  2013 ) and with aging trends in hearing. The single predominant complaint 
offered by the aged about their hearing is that environmental sounds (i.e., speech) 
are plenty loud, but the signal cannot be extracted from the noise (Frisina  2001 , 
 2009 ) (see also Chap.   14    ). In the most severe cases, a diagnosis of neural presbycu-
sis may be applied, but some degree of defi cit may be nearly universal.  

3.4.3     Mechanisms of Synaptopathy 

 What may drive the loss of afferent neurons whose target cells are still intact? The 
initial injury may involve excitotoxic effects of glutamate, which are oxidative and 
nitrosative in nature (Rego and Oliviera  2003 ; Gu et al.  2010 ; Kostandy  2012 ), and 
recapitulate the Ca ++ -based injury processes described above for hair cells. All glu-
tamate receptor subtypes operating at the IHC afferent synapse (AMPA/kainate, 
NMDA) can contribute to this process. Ironically, the excitotoxic cascade likely 
involves NO generated by nNOS that is “intended” to protect against excess Ca ++ , 
yet which imparts net injury. Another surprising aspect of this story relates to 
NFκB. Following noise exposure, NFκB may contribute to broad injury of the organ 
of Corti and lateral wall through infl ammation (Yamamoto et al.  2009 ) (for detailed 
discussion, see Chap.   19    ). At the IHC/afferent synapse, however, NFκB appears to 
serve as a brake on Ca ++  entry. NFκB knockout mice show accelerated loss of affer-
ent synapses fi tting the pattern of synaptopathy (Lang et al.  2006 ). While synap-
topathy may involve an initial stage that is excitotoxic, it may require additional 
processes that irreparably sever trophic signals that support dendritic connection 
and neuronal survival.  

3.5     The Cochlear Lateral Wall as Generator 
and Target of ROS/RNS 

3.5.1     Homeostasis of Endolymph and Perilymph Composition 

 The intracellular-like fl uid that fi lls the scala media is termed endolymph, while the 
extracellular (and CSF-like) fl uid that fi lls the scala tympani and vestibuli is termed 
perilymph. Neither endolymph nor perilymph appreciably “fl ow,” nor are they 
“pumped” (Patuzzi  2011a ,  b ). Instead, water passively adjusts to ion gradients that 
are established locally, largely by the action of the stria vascularis. Cells of the organ 
of Corti that insert into the reticular lamina are bathed in endolymph at their apical 
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surface and by perilymph on all other surfaces (Fig.  3.2 ). All nutrients must there-
fore reach these cells via one of these fl uids, and all waste must be carried away by 
one of these. Endolymph, while serving as the critical source of K + , is generally not 
held to be the major source of nutrients nor the means by which metabolic waste is 
removed. Instead, perilymph must fi ll this need. Perilymph also serves as the milieu 
of the intercellular spaces of the spiral ligament and so is in free communication 
with the capillaries of the ligament. While tissues are typically composed such that 
most cells lie within 20 μm of a capillary, in the cochlea this distance may easily 
exceed 100 μm. This seeming problem, created perhaps by the need to separate 
mechanosensitive receptor cells from “noisy” capillaries, appears largely solved by 
a combination of factors. First is the evolutionary innovation of moving much of the 
work of pumping critical ions up their electrical and concentration gradients from 
hair cells to the lateral wall. This allows hair cells to operate at a lower metabolic 
rate than even non-sensory cells (Nakai and Hilding  1968 ). Another factor may be 
reliance on a network of gap junctions that connect nearly all cells lateral to 
the OHCs, through the inferior ligament, to the superior ligament, and fi nally to the 

  Fig. 3.2    Schematic    radial view of the organ of Corti and adjacent lateral wall.  Arrows  indicate 
posited medial and lateral transcellular routes for K +  effl uxed from inner and outer hair cells (IH, 
OH) during auditory transduction.  B  strial basal cell,  B ’ border cell,  Cap  capillary,  C  Claudius cell, 
 CI  central interdental cell,  D  Deiters cell,  H  Hensen cell,  I  strial intermediate cell,  IS  inner sulcus 
cell,  M  strial marginal cell,  MI  medial interdental cell,  LF  light fi brocyte,  LI  lateral interdental cell, 
 OS  outer sulcus cell,  RP  root process of outer sulcus cell,  SF  stellate fi brocyte,  SL  supralimbal 
fi brocyte,  T  tectal cell,  Ia ,  Ib ,  II ,  IV , and  V  types of spiral ligament fi brocytes (From Spicer and 
Schulte  1998 . Reprinted with permission Elsevier Publishing)       
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cells of the stria (Wangemann  2006 ; Zhao et al.  2006 ; Nickel and Forge  2008 ). This 
web of connected cells is discontinuous only within the inferior ligament where 
ions and macromolecules released by outer sulcus/root cells (the epithelial junc-
tional network) must again be actively taken up by type II fi brocytes (the connective 
tissue junctional network). Yet the web extends to the stria itself, ultimately linking 
type I fi brocytes of the ligament to strial basal and intermediate cells. This arrange-
ment promotes K +  recycling to the stria yet also offers the possibility that both strial 
and ligament capillaries could support organ of Corti function. Indeed, work in con-
nexin 30 (Cx30) mutant mice has revealed transfer of glucose from the stria to the 
ligament that is abolished in the mutants (Chang et al.  2008 ) (Fig.  3.5 ). Traffi c 
though the gap junctional network must be two way, presumably with K +  and meta-
bolic waste diffusing away from the organ of Corti and oxygen and glucose diffus-
ing toward the organ. This traffi c may be gated to some extent by ATP, inositol 
triphosphate (IP 3 ), and Ca ++  (Zhu and Zhao  2010 ). Both peroxide and NO reduce 
gap junctional conductance, so that injury from oxidative stress may be amplifi ed 
through simultaneous effects on both the organ of Corti and lateral wall. It has long 
been clear that chronic dysfunction of lateral wall gap junctions promotes degenera-
tion within the organ of Corti (Nickel and Forge  2008 ; Xu and Nicholson  2013 ). 
Mutations of connexin 26 (Cx26) account for roughly half of all cases of nonsyn-
dromic hereditary deafness and are associated with such degeneration. The poten-
tial signifi cance of transient disruption of gap junctions due to noise, ototoxins, or 
infl ammation for permanent hearing loss is an emerging idea that may heighten 
interest in acute lateral wall injury (see below).    

3.5.1.1     Limitations Posed by Vasculature 

 Distinctly different vascular loops serve Rosenthal’s canal and spiral ganglion cells 
versus the lateral wall and organ of Corti (Axelsson  1988 ; Axelsson and Ryan  2001 ). 
Capillaries of the stria and spiral ligament also likely serve the metabolic needs of 
the organ of Corti. The primary route is probably through the ligament to the lateral 
organ or through the scala tympani to the organ of Corti. The nutritive needs of the 
medial organ of Corti (particularly IHCs) may also be met by capillaries in the spiral 
limbus. The vessel of the basilar membrane is not maintained in adulthood in most 
non-primates, and its appearance even in primates is highly variable; thus it is 
unlikely to serve as the primary source of blood fl ow to the organ of Corti. 

 It is widely supposed that the sheer distance of the blood supply from hair cells 
presents a problem under demanding conditions such as noise exposure. Moreover, 
noise exposure appears to reduce cochlear blood fl ow via both infl ammatory and 
oxidative mechanisms (Miller et al.  2003 ; Nakashima et al.  2003 ; Arpornchayanon 
et al.  2013 ). Noise-related vasoconstriction does not seem to occur within the stria. 
Rather it may occur in the superior ligament, in the type V fi brocyte region (Dai 
et al.  2011 ) (Figs.  3.2  and  3.3 ) where vessels that feed the stria and ligament emerge 
from the boney cochlear turn boundaries. This may explain why variation in blood 
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fl ow (velocity) can be detected in the stria, yet also how vasoactive agents (e.g., 
TNFα, 8-iso-prostaglandin F 2α ) that are likely generated  within the cochlea  can nev-
ertheless impact strial blood fl ow. Some capacity for local regulation may also exist 
within the capillaries of the ligament (Wu et al.  2011 ). The precariousness of the 
vascular supply to the organ of Corti may represent the single overarching weakness 
that exposes the organ to injury (see also Chap.   8    ).  

  Fig. 3.3    Functional schematic structure of the cochlear duct with the lateral wall. ( a ) Appropriate 
ionic composition of the endolymph and the EP require an ion barrier lining scala media, the intra-
strial space, and strial capillaries. A nearly continuous cellular network guides K +  from the organ 
of Corti through fi nger-like root cells into (primarily) type II and I fi brocytes. Type II fi brocytes 
must take up K +  from the extracellular space around root cells. Five major types of fi brocytes are 
indicated by roman numerals. ( b ) Enlargement of the boxed area in A depicts the cells and compo-
nents needed to generate the EP. Type I fi brocytes, strial basal cells, and intermediate cells are 
joined by gap junctions composed mostly of connexins 26 and 30. K +  enters the intrastrial space 
through Kir4.1, then through marginal cells via Na + /K + -ATPase, the NKCC ion exchanger, 
and KCNQ1/KCNE1 channel complexes.  TJ  tight junction (Reprinted with permission from 
Nin et al.  2008 )       
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3.5.2     Role of the Stria Vascularis in Hearing 

 After K +  has served its primary function of mediating hair cell sound responses, it 
is released into the fl uid space around hair cells. Na + /K +  ATPases in both the type II 
fi brocytes of the spiral ligament and strial marginal cells create critical sinks for K +  
recycling (Hibino and Kurachi  2006 ; Hibino et al.  2010 ) (Fig.  3.3 ). The type II 
fi brocytes create the fi rst sink by lowering extracellular K +  levels at the root cell/
type II interface. This yields a concentration gradient for K +  that facilitates its move-
ment from the organ of Corti, through the epithelial gap junctional network, to the 
root cells. Once the type II fi brocytes have taken up K + , it is not actively  pumped  
through the connective tissue gap junctional network, but rather moves down the 
concentration gradient created by the sink within the intrastrial space, created by 
strial marginal cells. The stria creates both the high, positive, endocochlear potential 
(EP) (+90–100 mV) and the high K +  levels of the scala media. Cochlear neuronal 
response thresholds and spontaneous activity, in turn, depend on the EP (Patuzzi 
 2011b ). As might be expected, factors that reduce the EP, such as aging, and events 
such as aminoglycoside exposure, noise exposure, and loop diuretics, elevate physi-
ological thresholds with a dependence of 0.5–1.0 dB/mV (Sewell  1984 ; Schmiedt 
 1993 ; Ohlemiller  2009 ) (Fig.  3.6 ). With the exception of aging and noise exposure 
in some strains and ages of mice (Ohlemiller et al.  2011 ), EP reduction generally 
appears temporary.  

3.5.2.1     Requirements for an Endocochlear Potential 

 The essential ingredients of EP generation revolve around the availability of K + , the 
machinery to move K + , and the tight compartment boundaries to keep K +  corralled 
in the appropriate space.  

    Machinery for EP Generation 

 In the same way that an automotive fuel pump cannot work if the gas tank is empty, 
the machinery of EP generation must have K +  to work with. There must be an intact 
connexin 26, 30, and 31 gap junctional network for K +  to move from the organ of 
Corti, and type II fi brocytes must have functioning Na + /K +  ATPase to be able to take 
up K +  in the inferior spiral ligament. In Cx26 knockout mice, the EP is abnormal 
and hair cells degenerate, yet the stria retains a normal appearance. 

 The strial machinery for EP generation is shown in Fig.  3.3  (Hibino and Kurachi 
 2006 ; Wangemann  2006 ; Nin et al.  2008 ; Hibino et al.  2010 ). K +  is conveyed from 
spiral ligament into strial basal cells and intermediate cells by gap junctions. K +  
then exits the intermediate cells into the intrastrial space via KCNJ10 (Kir4.1) chan-
nels, driven by the steep gradient for K +  that normally exists across this boundary. 
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It is this step—large K +  fl ux across a high resistance—that produces the EP. This 
fl ux would not occur, however, if K +  were not readily taken up into marginal cells 
via Na + /K +  ATPase and the Na + /K + /Cl −  exchanger. K +  is then released into the scala 
media via channels jointly formed from KCNQ1 and KCNE1. Note that as a conse-
quence of the trilaminar construction of the stria, the generation of the EP and the 
establishment of high K +  levels are accomplished in separate layers and actions. 
The situation in the cochlear scala media contrasts with that in the endolymph of the 
utricle, where a monolayer of marginal cell-like dark cells produces a high K +  
 concentration but a very low EP.  

    Endolymphatic Boundaries 

 The boundaries of the scala media separate high-K +  endolymph from low-K +  peri-
lymph and thus must be impermeable to uncontrolled ion fl ow. These boundaries 
are composed of all the cells that line the scala media, from the stria, to Reissner’s 
membrane, to the luminal surface of the spiral limbus, to the reticular lamina, and 
then fi nally to the outer sulcus cells and spiral prominence (Figs.  3.2  and  3.3 ). Also, 
since the intrastrial space must maintain very low K +  levels, tight junctions join 
marginal cells on the luminal side of the stria and basal cells on the abluminal side, 
so that this space is also ion-tight. Thus an additional set of boundaries surrounds 
the stria itself, setting off a fl uid space that differs in composition from both endo-
lymph and perilymph (Wangemann  2006 ). Finally, the endothelial cells that line 
strial capillaries are assumed to establish an ion-tight boundary that separates intra-
strial fl uid from blood plasma, since these also differ in ion composition (Wangemann 
 2006 ). The requirements of this boundary, and the implications of its failure, will be 
considered below.  

3.5.2.2     How Constant Is the EP, and What Sets It? 

 If hearing thresholds depend on the EP, then should not the EP be highly con-
strained? How does the EP “know” what to be, and how constant is it for any normal 
individual? Regarding the former, no one has claimed to fi nd a clear “reference” 
within the circuit that generates the EP. Regarding the latter, there are presently no 
data, since EP measurement is a terminal procedure conducted at a single point in 
time. We know that the EP varies among species (e.g., Conlee and Bennet  1993 ; 
Schmiedt  1993 ; Ohlemiller  2009 ) and also from cochlear base to apex, the EP being 
~10 mV lower in the apex than in the base (Conlee and Bennet  1993 ; Ohlemiller 
et al.  2006 ,  2010 ). In guinea pigs, the spatial gradient correlates with endolymph 
Ca ++  levels (Gill and Salt  1997 ), suggesting that Ca ++  plays a role in EP regulation. 
For these things  not  to matter for thresholds, it might be necessary to offset EP 
reductions with compensatory increases in hair cell transducer conductance or in 
the gain of the cochlear amplifi er. Modest reductions in the cochlear apex versus the 
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base may have little effect, based on evidence that the cochlear amplifi er plays a 
smaller role in setting thresholds at low frequencies than at high frequencies 
(Sewell  1984 ). 

 Patuzzi (Patuzzi  2011b ) suggests that some type of communication must match 
the “current source” that is the stria with the “current load” that is the organ of Corti. 
Known regulatory points for K +  entry and exit from the scala media include the 
ATP-regulated KCNQ1/KCNE1 channel assemblies on the luminal surface of mar-
ginal cells and ATP-gated K +  channels that line the reticular lamina and spiral prom-
inence (Mockett et al.  1994 ; Lee et al.  2001 ). The stria releases ATP plus probably 
other signal molecules as well. Activation of ATP-gated channels has been shown to 
reduce the EP and lower the input impedance of the scala media (Housley et al. 
 2013 ). The recent data of Housley et al. indicate that activation of these channels 
(with acute lowering of the EP) may be one component of noise-induced TTS and 
that genetic impairment of this process may promote PTS. The TTS contribution 
may also refl ect ATP-mediated changes in the micromechanics of the organ of Corti 
(Bobbin  2001 ; Bobbin and Salt  2005 ). The widespread paracrine effects of ATP 
release from many cell types are diverse and complex. No single comprehensive 
picture has emerged of exactly purpose is served by ATP and ATP-triggered Ca ++  
waves in the lateral organ of Corti. What is presently not supported by any evidence 
is any signal that passes from the organ of Corti to the stria. Thus, any communica-
tion between the stria and organ of Corti appears to be one way. 

 In the sections that follow, we summarize what can be inferred about lateral wall 
injury, largely based on animal models. In assessing the contribution of the lateral 
wall to PTS, we are faced with two problems. First, what do we measure? The stan-
dard for injury to the organ of Corti (or its remediation) is hair cell density. We know 
that OHCs are closely linked to hearing thresholds. Anyone practiced in cochlear 
morphometry can tell in a single glance at an appropriately stained surface prepara-
tion of the organ of Corti whether there is hair cell loss. But the lateral wall is far 
more irregular, and any two normally hearing individuals may differ greatly with 
respect to fi brocyte density, capillary density, or strial thickness. In inbred animal 
models such as mice, differences in these metrics due to insults can be detected, yet 
the relation of such losses to hearing thresholds may not be easily discernible. 
Instead, the metric of choice is the EP, which constitutes a useful “one-stop- 
shopping” metric for assessing the status of the lateral wall. For the EP to be normal, 
a host of ions must be properly regulated, and a large set of boundaries must be 
maintained. At least in inbred mice, changes in the EP correlate well with lateral 
wall morphometry (Ohlemiller and Gagnon  2007 ; Ohlemiller et al.  2011 ). But this 
still leaves a second problem: Even if the EP is restored after injury (as it typically 
seems to be), this may not mean that all critical support functions of the lateral wall 
have been restored. Even temporary EP reduction may herald processes that pro-
mote permanent damage to the organ of Corti during the period that the EP was 
reduced. If this is the case, it may ultimately be diffi cult to separate lateral wall 
injury from organ of Corti injury as a primary cause of hearing loss or as a locus of 
its remediation. The chemistries of injury of the lateral wall and organ of Corti 
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 overlap extensively. Thus, fi nding the biochemical signature of oxidative or nitrosa-
tive stress in the lateral wall does not prove it is the critical site of injury. This is a 
frequent limitation of studies in this area (e.g., Hsu et al.  2000 ; Chen et al.  2008 ). 
Conditional knockout models for fi brocyte-specifi c proteins or of connexins 
restricted to the spiral ligament may help resolve these issues.  

3.5.2.3     Noise and the Lateral Wall 

 While there is a moderate literature showing EP reduction by noise, few studies 
have dealt with EP recovery, and detailed parametric studies have been conducted 
only in mice (Hirose and Liberman  2003 ; Ohlemiller and Gagnon  2007 ; Ohlemiller 
et al.  2011 ). The most signifi cant observation is that there is no  one  effect of a given 
exposure: Both acute and permanent EP changes depend on the exposure condi-
tions, on the genetic background of the mice, and on their age. On some back-
grounds (e.g., BALB/c), and in younger animals (<3 months), permanent EP 
reduction occurs more readily. Based on Fig.  3.4 , the range of exposure levels that 
acutely reduce the EP may be strikingly broad, extending down to 92–95 dB 
SPL. Above 110–113 dB SPL, EPs appear uniformly low, typically below 
~30 mV. In keeping with the observations of Hirose and Liberman ( 2003 ), this 
range may demarcate exposure levels that rupture the reticular lamina. This is a 
disruption the system almost certainly did not evolve to deal with, altering the shape 
of the organ of Corti and mixing endolymph and perilymph. When this occurs, loss 
of boundary integrity—not necessarily any injury or limitation of the lateral wall—
will drive EP reduction. Moreover, the extent of PTS and pattern of cell loss will be 
determined by how the organ of Corti responds.  

 The data of Fig.  3.4  pose caveats for the design of experiments probing noise- 
induced PTS. Above and below the exposure intensity “rupture point,” both acute 
injury and its recovery may entail quite different processes. The critical question for 
the experimenter is “What do you want to know?” It is perhaps reasonable to assault 
the cochlea with 120 dB SPL noise if the experimental question is  what can noise 
possibly do?  But if the goal is to model, say, typical human occupational noise, then 
using supra-rupture noise may yield misleading results. It should be emphasized 
that, for any given noise type, the noise level required to rupture the reticular lamina 
varies by species (Fredelius et al.  1987 ; Fredelius  1988 ; Henderson et al.  1993 , 
 2008 ; Hirose and Liberman  2003 ). Thus one cannot pick a “rupture point” noise 
level for mice that was established in, say, guinea pigs. Finally, the notion of noise 
as a cause of intermixing of endolymph and perilymph is not strictly limited to rup-
ture. A lingering—yet still critical—debate pertains to the creation of “holes” in the 
reticular lamina that may be left by technically sub-rupture noise exposures when 
OHCs die. Such holes have been found in chinchillas (Bohne and Rabbit  1983 ), 
even for fairly low-level exposures (Harding and Bohne  2004 ), but so far not in other 
species. Although holes are eventually covered by scars formed by neighboring sup-
porting cells, OHC death may be amplifi ed by toxic levels of K +  while they persist. 
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  Fig. 3.4    Endocochlear potential is transiently reduced at surprisingly low noise levels. Basal turn 
endocochlear potential (EP) in young (1.5 months) or older (>4 months) BALB/c and CBA/J mice. 
 Horizontal lines  at tops of graphs indicate mean normal values for each strain. EPs were measured 
1–3 h after 2 h of 8–16 kHz octave band noise at the intensities indicated. For each strain, the EP 
in younger mice was more vulnerable, but in each case, noise intensities causing acute EP reduc-
tion were surprisingly low (92–98 dB SPL). For both strains, exposures exceeding 110–113 dB 
SPL were associated with uniformly low EPs (<30 mV), likely indicating rupture of the reticular 
lamina       
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 The cellular injury targets of noise in the lateral wall depend on exposure level 
but prominently include strial basal cells and most fi brocyte types in the spiral liga-
ment (Ohlemiller and Gagnon  2007 ; Ohlemiller et al.  2011 ). More severe exposures 
cause clearer injury to strial marginal cells (Hirose and Liberman  2003 ). The com-
mon element of this injury is formation of intracellular vacuoles in strial basal cells 
and type II and V fi brocytes but shrinkage of type I fi brocytes. The most straightfor-
ward interpretation is that this indicates either intra- or extracellular buildup of 
some ion, most likely K + , although a signifi cant contribution of Na +  cannot be ruled 
out. Noise may inhibit “downstream” (strial) K +  transport and promote accumula-
tion “upstream” in the inferior ligament. The pattern of vacuole formation indicates 
that some ion builds up  inside  of basal cells and type II and V fi brocytes but  outside  
of type I fi brocytes. 

 How does this injury process begin? It is not a trivial question exactly  why  noise 
should cause pathology in the lateral wall. Both “inside-out” and “ligament-fi rst” 
scenarios are possible. Inside-out refers to a pathologic cascade that begins in the 
stria and spreads to the ligament. This sequence has been suggested for aging ger-
bils (Spicer and Schulte  2002 ), where the pattern of cellular pathology is quite 
 similar to that in noise-exposed mice. An inside-out sequence fi ts with the expectation—
born out by observation (Spicer and Schulte  2005 )—that strial marginal cell  survival 
and function will be limiting for strial operation with age. By contrast, ligament-
fi rst refers to a scenario that begins in spiral ligament. Under this scenario, noise 
increases K +  sinking by the organ of Corti, which leads to overload of pumping 
machinery for K +  in the inferior spiral ligament. The excess K + , failing to be taken 
up by the type II fi brocytes, then pools in the extracellular space of the ligament, 
potentially explaining shrinkage of type I fi brocytes. At some point, the amount of 
K +  reaching the stria would be expected to decrease, and KCNJ10 K +  current exiting 
strial intermediate cells may plummet. This might in turn interfere with the function 
of the Na + /K + /Cl −  exchanger, leading to Na +  and Cl −  buildup in the intrastrial space. 
If that is the case, vacuolation of strial basal cells could represent Na + , not K + , accu-
mulation. For either scenario, widespread osmotic stress in the stria and the liga-
ment probably acts as a driver of oxidative and nitrosative stress. 

 Mechanistic studies help place a molecular foundation under the events posited 
in the previous paragraph. Noise promotes ROS generation in both the stria 
(Yamane et al.  1995 ) and the ligament (Nagashima et al.  2010 ), so that there exists 
a clear oxidative stress component. Downstream events may include (1) redox-
dependent phosphorylation of AMP-dependent kinases and c-Jun in the ligament 
(Nagashima et al.  2010 ,  2011 ); (2) upregulation of iNOS and NFκB (Shi et al. 
 2003 ; Yamamoto et al.  2009 ); (3) secretion of cytokines CCL2, IL-6, IL-1β, and 
TNFα by fi brocytes (Ichimiya et al.  2000 ; Fujioka et al.  2006 ); (4) release of cel-
lular adhesion factors VCAM-1 and ICAM-1 (Yamamoto et al.  2009 ); and ( 5 ) leu-
kocyte adherence to lateral wall endothelial cells, resulting in infi ltration of the 
ligament by infl ammatory cells (Shi and Nuttall  2007 ). Key effects on functional 
elements include reduced Na + /K +  ATPase activity in the stria and ligament 
(Morizane et al.  2005 ) and both reduced conductance and decreased expression of 
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connexins (Suzuki et al.  2009 ). Reductions in lateral wall Na + /K +  ATPase activity 
can be attenuated by antioxidants (Cheng et al.  2008 ). Effects of noise on Na + /K +  
ATPase activity alone could represent the proximate cause of EP reduction. 
Nevertheless, a major question unresolved by these studies is “Why permanent 
hearing loss?” Given that the EP and Na + /K +  ATPase activity typically recovers 
(Nagashima et al.  2011 ; Ohlemiller et al.  2011 ), how might such a mix of pro- 
oxidative, pro-nitrosative, proinfl ammatory events drive the permanent organ of 
Corti injury required to explain noise-induced PTS? The most signifi cant outcome 
of these events may be reduction of gap junctional conductances and downregula-
tion of connexins. This may be caused by injury to fi brocytes from osmotic stress 
plus known antagonistic effects of peroxide, NO, and NFκB on gap junction con-
ductance (Todt et al.  1999 ; Salameha et al.  2005 ). This effect also largely recovers, 
however, so how might temporary impairment of gap junctions promote permanent 
organ of Corti injury? Two primary mechanisms are supported by the literature, one 
invoking K +  transport  away  from the organ of Corti toward the stria and the other 
invoking nutrient transfer away from the stria and ligament  toward  the organ of 
Corti. A tenet of the rather substantial literature on connexin-related genetic deaf-
ness is that loss of connexins promotes toxic accumulation of K +  in the fl uid spaces 
around hair cells (Minowa et al.  1999 ; Delprat et al.  2005 ). However, a more 
recently emphasized action of connexins is their role in conveying nutrients to the 
organ of Corti (Fig.  3.5 , Chang et al.  2008 ). Above, we considered that the avascu-
lar organ of Corti is supplied nutrients (most notably oxygen and glucose) by peri-
lymph, yet how effi ciency may be gained if the gap junctional “highway” extending 
to the dense capillaries of stria vascularis also serves the organ. Gap junctions are 
permeable to a wide range of macromolecules up to ~1 kD (Matsunami et al.  2006 ; 
Xu and Nicholson  2013 ). Strial basal cells express glucose transporter 1 (Glut1) on 
their luminal membranes (Yoshihara et al.  1999 ; Ando et al.  2008 ), which seems 
ideally placed to transfer glucose from the intrastrial fl uid to the connective tissue 
gap junctional network (Suzuki et al.  2009 ; Xu and Nicholson  2013 ). Other details 
that do not readily fi t into this scheme are the unknown type and distribution of 
additional types of glucose transporters and the gap junctional “disconnect” that 
exists at the interface of root cells and type II fi brocytes (Wangemann and Schacht 
 1996 ; Wangemann  2002 ,  2006 ; Zhao et al.  2006 ). It is widely agreed that K +  from 
the organ of Corti is normally taken up by transporters within type IIs. But how 
might glucose and other needed molecules be passed from the type IIs to the epi-
thelial gap junctional network, and how do hair cells acquire them? Even though 
some details are lacking, evidence from mice (Fig.  3.5 ) and other considerations 
(Xu and Nicholson  2013 ) support the transfer of metabolites from the stria to the 
organ of Corti via gap junctions. If this transfer is interrupted by noise-related 
injury to the lateral wall for some critical period of time, permanent injury could 
result. By the time the EP recovers (24–48 h, based on our data), permanent dam-
age may be done. Some of the therapeutic effects of antioxidants and NOS inhibi-
tors against noise-induced PTS may derive from their ability to maintain Cx26 
expression (Nagashima et al.  2010 ).  
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 If the foregoing arguments are correct, acute EP changes should predict the 
 likelihood of noise-induced PTS, even if the EP recovers. To test this prediction, we 
identifi ed in young BALB/c mice an exposure condition (8–16 kHz, 2 h, 95 dB 
SPL) that creates a mix of animals with noise-induced TTS or PTS. ABR thresholds 
and EPs measured 1–3 h after noise reveal a wide range of both acute threshold 
shifts (not shown) and EPs (Fig.  3.5 ) in these mice. At 1–3 h post-noise, we do not 
know which mice will ultimately show PTS. However, we have a large set of data 
from similarly exposed animals wherein ABR thresholds were obtained at both 
1–3 h and 7 days post-noise. We are therefore able to guess, for similarly exposed 
animals, which acute threshold shifts measured at 1–3 h  predict  later PTS. Figure  3.6  
shows a comparison of within-ear EPs and thresholds at the single frequency show-
ing the greatest variance of thresholds (10 kHz). At this frequency, the largest 
10 kHz threshold shift that recovers (based on archival data) is 37 dB SPL (thick 
dashed horizontal line). The four data points that lie well above this line correspond 
to EPs below 75 mV. Based on the archival data, these are probably PTS mice. 
Keeping in mind that the EP almost certainly would have recovered in these ani-
mals, we would assert that  there is no reason why acute EP and PTS probability 
should be correlated unless the acute EP reduction coincides with some other pro-
cess that promotes PTS . We propose that process is transient (24–48 h) disruption of 
gap junctions, either exposing hair cells to toxic K +  levels, depriving them of 
 glucose, or both. Since these data are indirect, purely correlative (noncausal) bases 
for the order in Fig.  3.6  cannot be ruled out.    

  Fig. 3.5    Gap junctions are required for transport of nutrients from the stria and ligament to the 
organ of Corti. Images show dispersion pattern of a systemically injected fl uorescent glucose 
analog, followed by excision of the lateral wall + organ of Corti and fl attening for confocal view-
ing. Subjects were mice that were either WT for Cx30, Cx30 nulls, or WT mice treated with 
conventional glucose or the glucose analog following a Cx30 inhibitor (octanol). Approximate 
cell locations are indicated at left. Glucose transport from the intrastrial space to the organ of 
Corti was impaired in Cx30 nulls, and in WTs treated with octanol. Transfer of the glucose analog 
was competitively antagonized by larger dose of glucose (Adapted with permission from Chang 
et al.  2008 )       
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3.5.2.4     Aging and the Lateral Wall 

 Schuknecht defi ned strial presbycusis as hearing loss that results from strial degen-
eration and EP reduction (Schuknecht et al.  1974 ). This degeneration can arise 
 independently of other age-associated degeneration, so that some presbycusis can 
be principally caused by strial pathology. In humans and animals, aging is reliably 
associated loss of strial cells, strial volume, and strial capillaries. Often this seems 
to have no functional consequence. The stria apparently begins with a great deal of 
excess capacity. Human and animal estimates indicate that roughly half can be lost 
before the EP declines (Schulte and Schmiedt  1992 ). Work in mice indicates that 
EP decline possesses both genetic and gender components (Ohlemiller  2009 ). 
Females seem to fare worse, particularly after menopause (Guimaraes et al.  2004 ; 
Ohlemiller et al.  2010 ). These fi ndings match some claims for human strial 
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  Fig. 3.6    Acute reversible endocochlear potential reduction following noise exposure predicts 
PTS. ABR threshold at 10 kHz versus EP in the same cochlea of young BALB/c mice 1–3 h after 
a 2-h noise exposure (8–16 kHz, 95 dB SPL). Under these conditions, acute thresholds and EPs are 
highly variable (see also Fig.  3.4 ). Our archival data suggest that under these exposure conditions 
the EP recovers, but there is considerable variability with respect to whether animals show only 
TTS or go on to develop PTS (as measured 7 days post-exposure). Because EP recording is a ter-
minal procedure, we could not retest the same animals at 7 days. Instead, to infer which acute 
thresholds in the graph would likely have been associated with PTS, we compared ABR thresholds 
at 1–3 h and 7 days post-noise in archival data for young BALBs. Archived data suggested that 
acute thresholds above 37 dB SPL at 10 kHz (heavy  dashed horizontal line  in graph) are associated 
with PTS at multiple frequencies. Acute EP reductions and ABR thresholds were well correlated. 
Four animals showed thresholds above 60 dB SPL and EPs below 75 mV and likely would have 
later manifested PTS. Although indirect, these data support a link between  acute  EP changes and 
 permanent  threshold shifts       
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presbycusis (Gates et al.  1999 ; Hederstierna et al.  2007 ,  2010 ), as inferred from 
audiogram shape, since the EP cannot be recorded in humans. Another character 
suggested even by inbred (thus genetically identical) mice is a high level of vari-
ability, suggesting a prominent role for stochastic or environmental factors. 

 Based on work in gerbils (Schulte and Schmiedt  1992 ; Gratton et al.  1997 ), age- 
associated EP decline refl ects loss of Na + /K +  ATPase activity in strial marginal cells. 
Yet this may largely result from general progressive impairment of these cells. Both 
human and animal observations indicate that the initial pathology of strial presby-
cusis manifests in the appearance and density of marginal cells (Schuknecht et al. 
 1974 ; Spicer and Schulte  2005 ; Ohlemiller  2009 ). The high level of metabolic activ-
ity of marginal cells makes them prime targets for oxidative stress. Since these cells 
apparently are not replaced, maintenance and repair (and perhaps redundancy) con-
stitute the prime strategy for prolonging function. It follows that the robustness of 
antioxidant protections should impact the longevity of marginal cells. Presently, the 
best evidence for this is an increased tendency for EP decline in C57BL/6 J (B6) 
albino congenics (Ohlemiller et al.  2009 ). In normal B6 mice, marginal cells seques-
ter melanin released from strial intermediate cells. A striking overall transfer of 
melanin from strial middle layers to marginal cells is seen when young and old B6 
mice are compared. In the albinos, marginal cell loss with age is exacerbated, and 
the incidence of EP decline increases. Melanin is a multifunction protein, yet among 
its recognized actions are quenching of free radicals and chelation of metals that 
may promote oxidative stress. 

3.5.3     Stria/Ligament Interactions 

 In aging animals, strial degeneration often coincides with degeneration of the adja-
cent ligament (Spicer and Schulte  2002 ,  2005 ). We have considered why this might 
be the case, in that strial dysfunction may promote ion imbalance both within and 
around the cells of the adjacent ligament. If type II fi brocytes remain intact and thus 
continue taking up K +  at a high level, K +  may continue to build up in the ligament 
even if the intrastrial “sink” for K +  is eliminated. Old mice with measured EP 
decline show a thinner ligament than in controls (Ohlemiller  2009 ). What is still 
generally lacking is a sense of how disrupted are the critical functions of the liga-
ment in such cases. While strial pathology seems to promote ligament pathology, 
there is little evidence to support the converse. That is, neither organ of Corti nor 
ligament degeneration seems to promote strial degeneration.  

3.5.4     The Myth of Capillary Leak? 

 We said earlier that the walls of strial capillaries are expected to be impermeable to 
ions and macromolecules. This assertion logically follows the requirement for tight 
control of ions (especially K + ) in the intrastrial space. Strial capillary leak has been 
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“diagnosed” in animals using systemically injected horseradish peroxidase (HRP) 
(Sakagami et al.  1982 ) and fl uorescently tagged albumin and IgG (e.g., Cohen- 
Salmon et al.  2007 ; Neng et al.  2013 ; Zhang et al.  2013 ). All these are seen to “leak 
out” into the intrastrial space under pathologic conditions. However, all can be 
observed in the intrastrial space under normal conditions as well (Sakagami et al. 
 1982 ; Suzuki et al.  2002 ) (Fig.  3.7 ). The most common mechanism does not appear 
to be uncontrolled paracellular leakage (i.e., between capillary endothelial cells), but 
active transport (transcytosis) across the endothelial cells (Dai and Steyger  2008 ). 

  Fig. 3.7    Strial capillary “leak” may not be pathological. Dispersion of fl uorescently labeled albu-
min ( a ), sodium fl uorescein ( b ), or IgG ( c ) in the lateral wall of deeply anesthetized normal mice 
after direct injection of tracer into the left ventricle allowed to circulate for 5 min and then washed 
out with fi xative. Dissected lateral walls were then viewed as whole mounts by confocal micros-
copy. In each case, the tracer was homogeneously distributed in the stria, but not in the ligament. 
Fixation of the cochlea by transcardial perfusion prior to injection of IgG ( d ) eliminated labeling 
except within the capillary lumen, suggesting that the apparent “leakage” of tracers was due to an 
active transport mechanism, taken to be transcytosis       
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Transcytosis appears to be very active in strial capillaries, more so than in ligament 
capillaries. It encompasses both highly regulated transport of receptor- bound mole-
cules, as well as less stringent “fl uid phase” transport. Given the prevalence of tran-
scytosis, often missed by investigators, we know of no good evidence for unregulated 
leakage from strial capillaries.  

 Beyond the question of whether and how ions and macromolecules exit strial 
capillaries, there is the question of whether it would matter if unregulated paracel-
lular leakage did occur. The ionic composition of intrastrial fl uids and plasma differ 
mostly with respect to Na +  and Cl −  (Wangemann  2006 ). Presently, there is little 
evidence that equilibration of ion gradients across capillary walls impacts the EP or 
the composition of endolymph. Water freely equilibrates across strial capillary 
walls, leading to strial swelling when there is an osmotic imbalance between plasma 
and the intrastrial fl uids, such as when mannitol is applied systemically (Duvall 
et al.  1981 ; Santi et al.  1985 ). If strial marginal cells are the primary targets of noise 
and ototoxins, marginal cell dysfunction would cause K +  to build up in the intrastrial 
space, which would then draw in water. Even a massively swollen stria largely 
regains a normal appearance (Ohlemiller and Gagnon  2007 ). The stria may be 
designed to allow for such volume changes. Tellingly, when mannitol causes strial 
swelling, the EP remains unchanged. In sum, even impressive changes in the appear-
ance of the stria do not necessarily herald strial dysfunction.   

3.6     Why Have Cochlear Oxidative and Nitrosative Stress 
Proven Resistant to Pharmacotherapies? 

3.6.1     Which Targets? 

 The true scope of antioxidants and their reactions extends far beyond the typical 
reaction set shown in Fig.  3.1  (see also Chap.   4    ). If we wish to augment overall 
“antioxidant capacity,” we might add one or more exogenous agents that mimic key 
antioxidants and thus amplify particular reactions. Yet it is not obvious which reac-
tion may be most effectively amplifi ed. Some branches may be more important than 
others, and some reactions (e.g., superoxide → peroxide) enzymatically convert one 
oxidant into another. Nevertheless, there may be key reactions to tweak. We noted 
that glutathione is maintained at high intracellular levels, suggesting that it pos-
sesses a wide therapeutic range and a monotonic dose–response curve. Glutathione 
acts both as a small molecule ROS scavenger and as a cofactor for antioxidant 
enzymes. Glutathione mimics have proven effective in remediating injury in a num-
ber of systems, notably including the inner ear (Le Prell et al.  2007 ) (see Chap.   8    ). 
Sohal and Orr (Sohal and Orr  2012 ) propose that the ratio of reduced glutathione to 
oxidized glutathione (GSH/GSSG) is a particularly critical metric for cell redox 
state, dwarfi ng other determinants. They further propose that bolstering the activity 
of peroxiredoxins, glutamate-cysteine ligase, and glucose-6-phosphate dehydroge-
nase (G6PD) is more likely to bear on GSH/GSSG ratios than many other enzymes.  
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3.6.2     Cellular Compartments 

 Distinct fl uid compartments (either cellular organelles or isolated fl uid compart-
ments of the inner ear) carry out different ROS-generating reactions and may pos-
sess unique sets of antioxidants. These compartments may normally operate under 
different redox balances and thus may not respond equally favorably to a particular 
exogenous antioxidant. Beyond that consideration lie potential limitations regard-
ing whether our chosen antioxidant can reach enter the desired compartment at 
suffi cient concentrations, starting from the digestive tract. Liposome caging or 
binding of antioxidants to plasma carrier proteins, sugars, or particular hydrophilic 
moieties or emphasis on lipid-soluble antioxidants may help access-related issues.  

3.6.3     Unbalancing of Innate Processes 

 A host of cell processes are modulated by redox-sensitive transcription factors. The 
net effect for any factor may be exquisitely redox-sensitive, because the target pos-
sesses multiple binding sites with opposite effects. As an example (Sohal and Orr 
 2012 ), we said that JNK is an important regulator of cellular responses to stress, 
participating in decisions of cells to repair or die (Veal et al.  2007 ; Bartosz  2009 ). 
JNK activity is oppositely affected by protein kinases ASK1 and MEKK1, which 
themselves have different sensitivities to oxidation. Whether the activation of JNK 
promotes cellular repair or apoptosis depends on whether one of both of ASK1 and 
MEKK1 are oxidized, so that the overall cell “decision” is based on the severity of 
oxidative stress. Yet JNK is just one signaling pathway among many, each possess-
ing subtly different thresholds for opposing effects. Supposing each pathway consti-
tutes one or more “votes” not merely for repair versus death but also for secretion, 
dedifferentiation, mitosis, migration, elongation, etc., exogenous antioxidants may 
disrupt this consensus. As Halliwell has emphasized (Halliwell  2009 ), the dosing 
dynamics for any single antioxidant will often be U-shaped, such that high doses are 
ineffective or even harmful. Partial success of antioxidant therapies very likely 
refl ects disruption of the fi ne balance of multifaceted cell decisions  by cell type . 
This is unavoidable. We should not be surprised by incomplete protection.  

3.6.4     Different Requirements by Cell Type 

 We have seen that specifi c effector systems may have different redox thresholds for 
net benefi t versus harm and may play different roles in different epithelia. One 
example is the very different effect of purinergic receptors in the lateral wall and 
lateral organ of Corti, where they appear protective, versus hair cells, where they 
may promote Ca ++  overload. Another is the narrow net benefi t-versus-harm balance 
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of NO in both the organ of Corti and lateral wall. We also noted wholly different 
effects of NFkB, serving to buffer Ca ++  at the IHC afferent synapse versus promot-
ing infl ammation elsewhere. It will be diffi cult to tweak a given effector system at 
the correct levels at multiple locations.  

3.7     Prospects for Improved Approaches to Preventing 
Hearing Loss 

 The best approach to acquired sensorineural hearing loss is not to lose cells in the 
fi rst place. Pharmacotherapeutics taken by mouth—after exposure if possible—will 
be more workable than invasive and expensive gene therapies or siRNAs for this 
purpose. A host of compounds (steroids, anti-infl ammatories, antioxidants, Ca ++  
antagonists, NOS inhibitors, antiapoptotics, purinergic agonists, Mg ++ , trophic fac-
tors) and treatments (hypoxia, heat shock, sound conditioning, ototoxic condition-
ing) have been proven partially protective against acute cochlear insults in animals 
(Le Prell et al.  2007 ; Ohlemiller  2008 ; Le Prell and Bao  2012 ), some of these in 
small-scale clinical tests (see Chaps.   8     and   11    ). Across sites of injury (hair cells, 
synapses, lateral wall), Ca ++  and nitric oxide represent a recurring theme. Thus, 
cocktails of agents targeting Ca ++  and NO plus an antioxidant may merit special 
attention. Upstream factors identifi ed in preconditioning research are also promis-
ing for pharmacologic mimicry because they may preserve the critical balance of 
downstream mediators of protection. As we noted, some “master switches” for 
expression of antioxidant genes have been identifi ed, including Nrf-2 and Hif1α. 
These also constitute promising points for intervention, as they may also preserve 
the balance of downstream factors. While steroids appear benefi cial, it is not clear 
by what pathway(s) they operate (Trune  2010 ), and they tell us little about whether 
cochlear invasion by macrophages is harmful or benefi cial. Some of the signaling 
pathways we might engage vary so widely by cell type and seem so fi nely tuned that 
the best we can hope for is compromise. With regard to countering genes that pro-
mote acquired hearing loss, genome-wide association studies suggest that presby-
cusis and noise-induced PTS risk probably accumulate from multiple genes with 
small effect sizes. Rather than attempting to counter individual gene effects, 
 compounds that target downstream injury cascades common to many “pro-PTS” or 
 “pro- presbycusis” genes may render the broadest benefi ts. 

 It is doubtful that component ratios or precise formulations optimal for humans 
can be determined in animals, although animals are irreplaceable for proof of 
concept. Preventing slow, cumulative changes in hearing through pharmacologic 
approaches faces likely barriers of patient motivation and undesirable side effects. 
Hearing loss is more abstract, and perhaps more readily marginalized by patients, 
than is hypertension, diabetes, or even vision loss. The idea of preventing  future  
hearing loss—whether from noise or aging—by any medication regimen may 
face a greater subjective barrier of skepticism than medications targeted at other 
health risks.      
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